ABSTRACT AIMS: β-adrenergic augmentation of Ca 2+ sparks and cardiac contractility has been functionally linked to phosphorylation-dependent dissociation of FK506 binding protein 12.6 (FKBP12.6) regulatory proteins from ryanodine receptors subtype 2 (RYR2). We used FKBP12.6 null mice to test the extent to which the dissociation of FKBP12.6 affects Ca 2+ sparks and mediates the inotropic action of isoproterenol (ISO), and to investigate the underlying mechanisms of cyclic ADP-ribose（cADPR）regulation of Ca 2+ sparks. CONCLUSION: Our data demonstrate that dissociation of FKBP12.6 from the RYR2 complex does not play a significant role in β-adrenergic-stimulated Ca 2+
INTRODUCTION
In cardiomyocytes, release of Ca 2+ from intracellular Ca 2+ stores to the cytoplasm is controlled by RYR2. Activation and inactivation of RyR2 is regulated by a number of channel modulators, including FKBP12 and FKBP12.6 [1] [2] [3] [4] , calmodulin 5 , protein kinase A (PKA) 1, 6, 7 , and Ca 2+ /calmodulin-dependent kinase (CaMKII) [8] [9] [10] [11] . FKBP12.6, a 12.6 kDa protein, associates specifically with and regulates RYR2 in cardiomyocytes and smooth muscle 12, 13 . Adult FKBP12.6 KO mice develop abnormal cardiac function leading to either an enlarged heart 14 or exercise-induced cardiac arrhythmia and sudden death 15 . We demonstrated previously that FKBP12.6
KO mice exhibit a significant alteration in Ca2+ spark properties in both sexes 13, 14 . These findings strongly suggest that FKBP12.6 is relevant for regulating cardiac function possibly via its association with cardiac RyR2.
It has been reported that PKA phosphorylation of RyR2 causes the dissociation of FKBP12.6 and affects the channel open probability, and hyperphosphorylation of RyR2 at a single amino acid residue, Ser-2809, leads to defective channel function in the failing heart 16 . Wehrens et al. 17 reported that disease-causing mutations in RyR2 reduce the binding affinity of FKBP12.6 for RyR2, and increase the channel leakage that can trigger fatal cardiac arrhythmias under physical and emotional stress. However, the theory
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is due to phosphorylation of phospholymban (PLB) but not RYR2 in mouse ventricular myocytes. Jiang et al. 19 did not observe dissociation of FKBP12.6 from RyR2 in cardiac microsomal membranes treated with PKA. Stange et al. 20 made site-directed substitutions of RyR2 at Ser-2809 (with Asp or Ala), and
showed that FKBP12.6 binding was not abolished nor were channel functional properties significantly changed in the mutant RyR2. Xiao et al. 7 found that FKBP12.6 binds to both the Ser-2809 (mouse) phosphorylated and non-phosphorylated forms of RyR2, and that a S2809D phosphomimetic mutant retains the ability to bind FKBP12.6. Furthermore, complete phosphorylation at Ser-2809 by exogenous PKA does not disrupt the FKBP12.6-RyR2 complex. An investigation of the three-dimensional location of the Ser 2030 and Ser 2809 PKA sites indicated that these PKA sites are not located close to the FKBP12.6-binding sites 21, 22 . Thus the theory that PKA phosphorylation causes dissociation of FKBP12.6 proteins from the RYR2 complex in cardiomyocytes is highly controversial.
cADPR, a metabolite of β-nicotinamide adenine dinucleotide (NAD), is a novel Ca 2+ mobilizing second messenger. A number of reports over the last few years have suggested that cADPR has a patho-physiological role, as reviewed in Ref. 23 . Accepted Manuscript
MATERIALS AND METHODS

Isolation of cardiomyocytes and electrophysiology
Single ventricular myocytes from adult mice of either sex were prepared as described previously 14 . Detailed procedures are described in the methods supplements. Accepted Manuscript
Force Measurement
The technique to measure force in isolated papillary muscles were similar to those previously described 35 . To eliminate the possibility that cardiac hypertrophy may have confounding effects on the force data measurements female (C57Bl/6 and FKBP12.6 KO) mice 10-15 weeks were used 14 . Muscles were slowly stretched until Lmax was obtained and stimulated at 4Hz. The force was measured with an isometric force transducer (Radnoti, Monrovia, CA) and data acquisition was carried out using Chart 3.4
(Adinstruments, Australia) installed on a microcomputer (detailed see methods supplements).
Sarcoplasmic reticulum preparation and Western blot analysis
Sarcoplasmic reticulum (SR) microsomes from mouse heart were prepared 36 and Western blot analysis was performed as previously described 32 . The detailed for this part please see the methods supplements.
Data Analysis
Image processing and data analysis were carried out using custom software written in MATLAB. Results were expressed as means ± SEM.
Significant differences were determined using the Student's t test. Data from three groups were compared by one-way, repeated measures ANOVA and significant differences between groups were determined by the (Fig. 3Ac and Ca, P>0.05). Similarly, in the presence of 2D12 ISO also failed to change Ca 2+ spark kinetics (Fig. 3C ).
Taken together, the alteration of Ca 2+ spark properties via β-adrenergic stimulation by ISO in mouse cardiomyocytes occurred via phosphorylation of PLB, and probably not through dissociation of FKBP12.6. mN/mm2/sec) was larger in WT versus KO mice, the differences were not significant (Fig. 4 , also see (Fig. 5Ce&f, n=168, P<0.01), respectively. As shown in Figure 5B and C, dialysis of KO cells with cADPR did not alter the Ca 2+ spark properties significantly.
To determine whether the alteration of Ca 2+ spark properties by cADPR is via enhancing the effect of SERCA as previously reported 27 . We tested the effect of cADPR on Ca 2+ spark properties in the presence of thapsigargin in WT cells. As shown in Figure 6 , spark characteristics were not markedly changed by cADPR in the presence of thapsigargin (10 µm) except for half time decay, as was also observed in the experiments described above.
However, it should be noted that these parameters were altered by cADPR though differences were not statistically significant. We further examined the We also compared the effect of cADPR on SR Ca 2+ load by measuring caffeine-induced Ca 2+ release. 10 mM caffeine was puffed close to the cell for 200 ms using a pipette. As shown in Figure 7C , cADPR significantly properties by causing dissociation of FKBP12.6 from RYR2 binding sites.
cADPR dissociates FKBP12.6 from SR
To further confirm that the effect of cADPR on Ca 2+ spark properties is dependent on the dissociation of FKBP12.6 from SR, Western blotting analysis was performed on SR fractions. As shown in Figure 8 , endogenous FKBP12.6
was released from the SR fraction by incubation with cADPR, demonstrating that practically all of the FKBP12.6 was bound to the SR fraction in the pellet while no detectable 12.6 kDa protein band was observed in the supernatant. (Fig. 1) , suggesting that Ca 2+ release from RYR2 does not occur through PKA phosphorylation-induced dissociation of FKBP12.6 from the RYR2 complex. This was further confirmed by the fact that ISO stimulation increased the magnitude of contraction, accelerated the rate of stress development and increased twitch relaxation time of left ventricular papillary muscles from FKBP12.6 KO mice (Fig. 4) . Thus, results from the present and earlier studies 6, 7, 16, 19~21 do not support the hypothesis that phosphorylation of RYR2 by PKA causes dissociation of FKBP12.6 from the RYR2 complex and is followed by Ca 2+ leakage 39 . Our later experiments showed that alteration of Ca 2+ spark properties induced by ISO was prevented in the presence of thapsigargin, and a phospholymban antibody (Fig. 2 & 3 (Fig. 7A) , suggesting that the effect of cADPR on Ca 2+ spark properties was not mediated by affecting SR Ca 2+ ATPase activity.
Indeed, this was further confirmed by experiments investigating FKBP12.6 release by cADPR (Fig. 8) Accepted Manuscript B, Summary data from densitometry analysis. These results are from three independent experiments. The molecular weight of this protein is about 12 kDa.
